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Activation of the Unfolded Protein Response by 2-Deoxy-p-Glucose
Inhibits Kaposi’s Sarcoma-Associated Herpesvirus Replication and
Gene Expression
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Lytic replication of the Kaposi’s sarcoma-associated herpesvirus (KSHV) is essential for the maintenance of both the infected
state and characteristic angiogenic phenotype of Kaposi’s sarcoma and thus represents a desirable therapeutic target. During the
peak of herpesvirus lytic replication, viral glycoproteins are mass produced in the endoplasmic reticulum (ER). Normally, this
leads to ER stress which, through an unfolded protein response (UPR), triggers phosphorylation of the o subunit of eukaryotic
initiation factor 2 (eIF2a), resulting in inhibition of protein synthesis to maintain ER and cellular homeostasis. However, in or-
der to replicate, herpesviruses have acquired the ability to prevent eIF2c phosphorylation. Here we show that clinically achiev-
able nontoxic doses of the glucose analog 2-deoxy-p-glucose (2-DG) stimulate ER stress, thereby shutting down eIF2« and inhib-
iting KSHV and murine herpesvirus 68 replication and KSHYV reactivation from latency. Viral cascade genes that are involved in
reactivation, including the master transactivator (RTA) gene, glycoprotein B, K8.1, and angiogenesis-regulating genes are mark-
edly decreased with 2-DG treatment. Overall, our data suggest that activation of UPR by 2-DG elicits an early antiviral response

via eIF2a inactivation, which impairs protein synthesis required to drive viral replication and oncogenesis. Thus, induction of
ER stress by 2-DG provides a new antiherpesviral strategy that may be applicable to other viruses.

Kaposi’s sarcoma-associated herpesvirus (KSHV; HHVS) is the
etiologic agent of KS, an AIDS-defining malignancy charac-
terized by intense angiogenesis and the proliferation of spindle-
shaped cells (8, 16, 41, 64). Most AIDS-associated KS (AIDS-KS)
patients respond favorably to antiretroviral therapy (ART). How-
ever, despite the effectiveness of available treatments, KS is not
eliminated for at least half of these cases, highlighting the need for
novel therapeutic strategies for this serious and deadly form of
cancer (14).

Like other herpesviruses, KSHV infection can lead to two dif-
ferent fates: latent infection, in which the viral episome replicates
together with the host cell, and a productive cytopathic (also called
Iytic) infection. During lytic replication, the virus carries out an
organized cascade of gene expression spanning the whole viral
genome and leading to replication of the viral DNA, infectious
virion production, and the death of the host cell (15). Cumulative
experimental evidence supports a model of KS oncogenesis in
which latently infected KS cell proliferation and angiogenesis are
promoted by lytically infected cells (2). This picture of productive
viral replication “fueling” the lesion is further supported by the
following facts: (i) clinical evidence demonstrating that KS is pre-
vented by antiherpesviral compounds that block lytic replication,
such as ganciclovir or foscarnet (42), and that immune reconsti-
tution by ART induces KS regression; (ii) laboratory data showing
that the viral angiogenic lytic genes are essential for paracrine
maintenance of latent gene-induced tumors (43, 53); (iii) in vitro
evidence indicating that continued lytic replication is required for
maintaining active latent infection (19); and (iv) epidemiological
studies showing that KS incidence is higher in clinical settings,
such as immunodeficiency, that permit viral replication to occur
(18, 41). Taken together, this cumulative experimental evidence
indicates that KSHV lytic replication is required for oncogenesis
and the maintenance of KS lesions.
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During herpesvirus lytic replication, viral glycoproteins, which
are mass produced in the endoplasmic reticulum (ER), increase
the demand for protein synthesis and folding, leading to ER stress
(9,21, 26), which is defined as an imbalance between protein load
and folding capacity (51). In order for the host to cope with the
induced stress and to maintain homeostasis, the cell initiates a
compensatory mechanism termed the unfolded protein response
(UPR). The signaling pathways evoked in this response involve
the reduction of nascent protein translation in the ER as a protec-
tion mechanism against further protein load, upregulation of the
ER-localized machinery involved in protein folding (i.e., chaper-
ones), and degradation of unfolded proteins (51). The three
branches activated during UPR transduction are mediated by the
ER resident transmembrane receptors PERK (double-stranded
RNA [dsRNA]-activated protein kinase [PKR]-like ER kinase),
ATF6 (activating transcription factor 6), and inositol requiring
kinase 1 (IRE1). Upon induction of ER stress, activated ATF6 is
proteolytically cleaved and translocates to the nucleus, acting as a
transcription factor to turn on UPR-related genes such as glucose-
regulated protein 78 kDa (GRP78). It has been shown that GRP78
is strongly upregulated upon UPR induction, and its levels serve as
a UPR marker (31). At the same time, IRE1 displays endoribonu-
clease activity by splicing mRNA from the XBP-1 (X-box binding
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protein 1) transcript for the generation of spliced XBP-1 [XBP-
1(s)], which then acts as a transcription factor to turn on other
UPR-related genes including chaperones and enzymes involved in
protein degradation and ER lipid biosynthesis. The UPR trans-
ducer PERK phosphorylates and thereby inactivates the a subunit
of eukaryotic initiation factor 2 (elF2a), which normally is essen-
tial for cap-dependent ribosomal protein synthesis. Thus, UPR
activation limits the amount of new proteins entering the ER,
thereby relieving ER stress. Phosphorylation of elF2a due to
PERK occurs early upon UPR activation prior to the detection of
GRP78 and is followed by upregulation of CHOP (C/EBP homol-
ogous protein), which induces UPR-mediated apoptosis if signal-
ing is prolonged (20, 29). Taken together, upon ER stress induc-
tion, cell homeostasis is maintained by activation of multiple UPR
branches acting in concert.

In order to replicate, viruses attenuate host UPR signals after
induction of ER stress. Indeed, infection due to hepatitis C virus
(HCV) (40) or arenavirus (48) causes a wave of upregulation of
UPR markers, which are undetectable at early time points (0 to 2
days postinfection), transiently induced by viral replication (2 to 4
days postinfection), and markedly attenuated thereafter. Similar
kinetics have been observed in cells infected with human cytomeg-
alovirus (CMV), which is a herpesvirus (26). The mechanism by
which CMV overrides UPR-mediated blockage of protein synthe-
sis is via upregulation of viral genes (TRS1 and IRS1) that have
been shown to prevent elF2a phosphorylation (10). Similarly, in
cells infected with herpes simplex virus 1 (HSV-1), it has been
reported that viral y,34.5 indirectly dephosphorylates eIF2a (22)
and HSV-1 glycoprotein B (gB) directly inhibits cellular PERK
(44), both leading to resumption of protein synthesis, facilitating
viral replication. Interestingly, only modest activation of the ATF6
and the XBP-1(s) components of the UPR have been detected in
latent KSHV-infected primary effusion lymphoma (PEL) cells
(28), while dephosphorylation of eIF2a has not been investigated
in PEL or other KSHYV infections.

It has been shown that 2-deoxy-D-glucose (2-DG) and
2-fluoro-2-deoxy-D-glucose (2-FDG) are powerful agents to
block and probe sugar metabolism in cancer cells (33, 34, 39, 61).
These compounds also take advantage of the increased glucose
uptake that occurs in most tumors, providing a specificity window
that increases the selectivity of these analogs (12, 34). As glucose
analogs, both 2-DG and 2-FDG are powerful inhibitors of glycol-
ysis, with the latter shown to be a more potent inhibitor of glucose
metabolic pathways because of its closer similarity to glucose (34).
On the other hand, 2-DG is also known as 2-deoxymannose; be-
cause of its mannose-like character, it is better able to compete
with mannose in the growing oligosaccharide chain during the
initial steps of N-linked glycosylation which occur in the ER (34).
Oligosaccharide chains that have incorporated 2-DG cannot form
the functional glucose;mannose, moiety for proper protein gly-
cosylation. Abnormal N-linked glycosylation interferes with pro-
tein folding, which induces ER stress, leading to the UPR and
resulting in the inhibition of protein synthesis. Thus, we propose
that the activity of 2-DG to affect N-linked glycosylation provides
a natural window of opportunity to target key processes, i.e., viral
replication and expression of viral oncogenes required for KS de-
velopment. We hypothesize that 2-DG-induced ER stress would
counter the ability of KSHV and other herpesviruses to circum-
vent UPR-mediated blockage of protein synthesis, thereby im-
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pairing KSHV gene expression, resulting in inhibition of viral rep-
lication and thus oncogenesis.

Here we show that 2-DG induction of ER stress and UPR leads
to the inhibition of viral replication in three different KSHV in-
fection in vitro models and in murine gammaherpesvirus 68
(MHV-68) infection. We find that several early members of the
Iytic viral replication cascade, as well as host angiogenic genes, are
significantly decreased with 2-DG treatment. This in vitro study
provides the rationale for a new antiviral strategy that may be
applicable to inhibiting the replication of KSHV and other viruses.

MATERIALS AND METHODS

Cells and viruses. 293rKSHV.219 are HEK293 cells infected with rKSHV.219
under puromycin selection as described previously (59). Human iSLK.219 is
a KSHV-infected cell line derived from endothelium-lineage cells from a KS
tumor and also contains a doxycycline-inducible RTA construct (46).
293rKSHV, iSLKrK, and NIH3T12 are maintained in Dulbecco’s mod-
ified Eagle’s medium (DMEM) with 1 g/liter of glucose supplemented
with 10% fetal bovine serum (FBS) and penicillin-streptomycin-am-
photericin. mECK36, a murine endothelial cell line stably transfected
with a KSHV-containing bacterial artificial chromosome (BAC36), is
maintained in media further supplemented with 30% FBS, MEM vita-
mins, insulin, transferrin, selenite, endothelial cell growth supple-
ment, endothelial cell growth factor, and heparin (45). MHV-68 stocks
were purchased from the American Type Culture Collection. Cells
were grown under 5% CO, at 37°C.

Cytotoxicity assay. Cells were seeded onto 48-well plates and cultured
overnight. After drug exposure, attached cells and their respective culture
media were collected and centrifuged at 400 X g for 5 min. The pellets
were then resuspended in Hanks balanced salt solution (HBSS) (Mediat-
ech) and analyzed with a Vi-Cell cell viability analyzer (Beckman Coulter)
based on trypan blue exclusion. Results are shown as the percentages of
viable cells out of the total cells counted. Data are the averages of triplicate
samples * standard deviations (SD) from one representative experiment
out of three independent analyses.

Drugs and antibodies. 2-DG, 2-FDG, mannose, sodium butyrate, and
doxycycline were purchased from Sigma-Aldrich. The following rabbit
primary antibodies were from Cell Signaling: GRP78, phosphorylated
elF2a, total elF2a, and GAPDH (glyceraldehyde-3-phosphate dehydro-
genase). Mouse anti-f3-actin antibody was from Sigma-Aldrich. Mouse
anti-K8.1A/B antibody was from Advanced Biotechnologies. Rabbit anti-
viral interferon regulatory factor 1 antibody (anti-vIRF-1) was from J.
Nicholas. Horseradish peroxidase (HRP)-conjugated anti-rabbit and
anti-mouse IgG were purchased from Promega.

Lytic induction, TCID;,, and plaque assay. rKSHV.219-infected
293rKSHYV cells and BAC36-transfected mECK36 cells were treated at
70% confluence with 3 mM sodium butyrate to induce cells into viral lytic
gene expression and replication. rKSHV.219-infected iSLK cells were
stimulated with 1 wg/ml doxycycline. At 24 h of treatment, DNA-free
RNA was extracted for real-time quantitative reverse transcriptase PCR
(qQRT-PCR). After 72 h of treatment, viral loads (KSHV DNA copy num-
bers) were determined by real-time quantitative PCR of cell-free super-
natants (virion) and cellular lysates (cell). At 72 h of treatment, cell-free
supernatants were collected and used for de novo infection of 293 cells in
the presence of 5 g/l Polybrene, followed by incubation at 37°C for 90
min and washing with phosphate-buffered saline (PBS). Detection of in-
fected cells and the 50% tissue culture infective dose (TCID5,) were de-
termined by counting green fluorescent protein (GFP)-positive cells at 2
days postinfection.

NIH3T12 cells at 50% confluence were infected with MHV-68 at a
multiplicity of infection (MOI) of 0.1 in DMEM supplemented with 2%
FBS for 2 h. Cells were washed with PBS to remove unbound virus and
were maintained in DMEM for 48 h. MHV-68 titers were measured by the
collection of supernatants for the infection of uninfected 3T12 cells by
serial dilution, followed by the visualization of the cytopathic effect by
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microscopy and the quantification of plaques after carboxymethylcellu-
lose overlay.

Microscopy. Cells were seeded onto 8-well Lab-Tek II CC chamber
slides (Thomas Scientific) and cultured overnight to reach ~50% conflu-
ence. After 24 h of drug exposure, cells were fixed with 10% neutral buff-
ered formalin solution containing 4% formaldehyde (Sigma-Aldrich),
mounted with ProLong Gold antifade reagent with DAPI (4',6-di-
amidino-2-phenylindole) (Invitrogen) and visualized with the Laborlux
fluorescence microscope (Leitz) equipped with a DFC 340 FX digital cam-
era (Leica). Cells were shown from one representative experiment out of
at least three independent analyses.

Flow cytometry. Cells were washed with PBS and fixed and resus-
pended with Cytofix fixation buffer (BD Biosciences). Flow cytometric
analysis was performed on a Becton, Dickinson LSR analyzer (BD Biosci-
ences).

Real-time qRT-PCR. SYBR green PCR master mix was used with an
ABI Prism 7300 sequence detection software (Applied Biosystems). Prim-
ers used were as follows: human (-actin forward, 5'-AGAGCTACGAGC
TGCCTGAC-3', and reverse, 5-AGCACTGTGTTGGCGTACAG-3';
human GAPDH forward, 5'-GAGTCAACGGATTTGGTCGT-3’, and re-
verse, 5'-GACAAGCTTCCCGTTCTCAG-3’; mouse GAPDH forward,
5-AACTTTGGCATTGTGGAAGG-3', and reverse, 5'-GGATGCAGGG
ATGATGTTCT-3'; mouse B-actin forward, 5'-GATCTGGCACCACAC
CTTCT-3’, and reverse, 5'-GGGGTGTTGAAGGTCTCAAA-3"; KSHV
RTA/ORF50 (where ORF is the open reading frame) forward, 5'-CAAG
GTGTGCCGTGTAGAGA-3', and reverse, 5'-TCCCAAAGAGGTACCA
GGTG-3'; KSHV K8 forward, 5'-GGCCCTAGAGGCCGTCTCCC-3',
and reverse, 5'-GGGAGGTCACGGGACGCTCT; RFP (where RFP is red
fluorescent protein) forward, 5'-AGGACGGCTGCTTCATCTAC-3',
and reverse, 5'-TGGTCTTCTTCTGCATCACG-3'; KSHV GPCR/ORF74
(where GPCR is G protein-coupled receptor) forward, 5'-TGTGTGGTG
AGGAGGACAAA-3', and reverse, 5'-GTTACTGCCAGACCCACGTT-
3’; KSHV vIL6 forward, 5'-TGCTGGTTCAAGTTGTGGTC-3', and re-
verse, 5'-ATGCCGGTACGGTAACAGAG-3'; KSHV vIRF-1/K9 forward,
5'-GGAAGAACAATGCGTGGAATG-3', and reverse, 5'-CGACTGGCT
TGTCGTCAGTA-3"; KSHV K8.1 forward, 5'-CACCACAGAACTGACC
GATG-3’, and reverse, 5'-TGGCACACGGTTACTAGCAC-3"; KSHV
gB/ORF8 forward, 5'-CTGGGGACTGTCATCCTGTT-3’, and reverse,
5-ATGCTTCCTCACCAGGTTTG-3'; MHV RTA/ORF50 forward, 5'-C
GGTGACAAACCCCTCTAAA-3', and reverse, 5'-CCCCAATGGTTCA
TAAGTGG-3"; MHV GPCR/ORF74 forward, 5'-CTGGCCTGGTTTGC
AGTTAT-3', and reverse, 5'-CCCTAGTGGTCCCTCCTAGC-3"; mouse
PDGFB forward, 5'-CCTCGGCCTGTGACTAGAAG-3', and reverse, 5'-
CCTTGTCATGGGTGTGCTTA-3'; mouse VEGF-R1 forward, 5'-TATA
AGGCAGCGGATTGACC-3', and reverse, 5'-TCATACACATGCACGG
AGGT-3"; mouse VEGF-R3 forward, 5'-GCTGTTGGTTGGAGAGAAG
C-3’, and reverse, 5'-TGCTGGAGAGTTCTGTGTGG-3"; mouse Tiel
forward, 5'-CAGGCACAGCAGGTTGTAGA-3', and reverse, 5'-GTGCC
ACCATTTTGACACTG-3"; human PDGFA forward, 5'-CAAGACCAG
GACGGTCATTT-3', and reverse, 5'-CTTGACACTGCTCGTGTTGC-
3’5 human PDGFRB forward, 5'-GGTGACACTGCACGAGAAGA-3',
and reverse, 5'-CAATGGTGGTTTTGCAGATG-3"; human GRP78 for-
ward, 5'-GGAATTCCTCCTGCTCCTCGT-3', and reverse, 5'-CAGGTG
TCAGGCGATTCTGG-3"; human XBP-1(s) forward, 5'-CTGAGTCCG
CAGCAGGTGCA-3', and reverse, 5'-GGTCCAAGTTGTCCAGAATGC
CCAA-3’; and human CHOP forward, 5'-GCGCATGAAGGAGAAAGA
AC-3', and reverse, 5'-TCACCATTCGGTCAATCAGA-3'.

Immunoblotting analysis. Cells were seeded onto 6-well plates and
cultured to reach 70% confluence. Following drug exposure for the indi-
cated times, cells were harvested and lysed with the lysis buffer (Tris-
glycine-SDS, phosphatase inhibitor cocktails 2 and 3, and a protease in-
hibitor cocktail from Sigma-Aldrich). Protein concentrations of each
sample were determined using a DC protein assay kit (Bio-Rad) according
to the manufacturer’s directions, and equal amounts of protein were
loaded onto 10% Tris-HCI gels (Bio-Rad). After SDS-PAGE, protein was
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transferred onto a polyvinylidene difluoride (PVDF) membrane (Milli-
pore), blocked with 5% milk, and probed with the corresponding primary
antibodies overnight at 4°C. The membrane was washed and probed with
secondary antibodies for 1 h. The membrane was then incubated with
ECL Plus (Amersham), and signal was visualized on Blue Lite Autorad
Films (ISC BioExpress). All primary antibodies were used at 1:1,000 dilu-
tions, except for vIRF-1 (1:10,000) and B-actin (1:10,000), and the sec-
ondary antibodies were used at 1:10,000. Representative blots from at least
two independent experiments were shown unless otherwise indicated.

Statistical analysis. Data were compared using a one-tailed paired
Student’s t test, and a P value of less than 0.05 was considered signifi-
cant.

RESULTS

2-DG but not 2-FDG inhibits gammaherpesviral infectivity and
replication. To study the impact of 2-DG on KSHV replication,
we determined its effect on the infectivity of supernatants from
293 cells bearing recombinant reporter KSHV that were induced
to undergo lytic replication by the addition of butyrate. The re-
porter virus used, rKSHV.219, encodes green fluorescent protein
(GFP) under the cellular control of elongation factor 1 (EF-1; a
constitutively expressed marker of infection) (59). Infectivity was
monitored by adding the supernatants from lytically induced cells
to uninfected control 293 cells and measuring viral titers by mon-
itoring GFP-expressing cells and calculating the 50% tissue cul-
ture infective dose (TCIDs,). Addition of 2-DG during lytic in-
duction produced a dose-dependent decrease in the viral titer
(Fig. 1A). To determine whether the decrease in the titer was due
either to decreased production of virions or to virions with de-
creased infectivity, KSHV DNA viral loads in cell extracts and
supernatants were determined by qPCR. We found that the 2-DG-
induced decrease in the viral titer correlated with the reduced viral
DNA copy number (both in supernatants [Fig. 1B] and in cells
[Fig. 1C]), indicating that the decrease was more likely due to
lowered virion production rather than virions with decreased in-
fectivity. Interestingly, the glucose analog 2-FDG, which is known
to preferentially inhibit glycolysis and not N-linked glycosylation
(33), did not inhibit KSHV replication. This result was in agree-
ment with our previous findings using 2-DG and 2-FDG in tumor
cells, indicating that the inhibitory effect of 2-DG at the employed
doses was more likely due to inhibition of N-linked glycosylation
than to glycolysis (34). Additionally, to rule out the possibility that
lowered viral titer was due to a cytotoxic effect of 2-DG, we treated
infected cells with 2-DG up to 3 mM and found no increased
cytotoxicity compared to untreated cells (Fig. 1D). Similarly,
when 293rKSHYV cells were lytically induced with butyrate (Fig.
1E), no increase in cytotoxicity was detected in 2-DG- or 2-FDG-
treated cells. Thus, 2-DG inhibits viral replication in the absence
of cellular toxicity.

To further confirm 2-DG’s antiviral activity, we used another
gammaherpesvirus, murine y2-herpesvirus 68 (MHV-68). This
virus differs from KSHV in that MHV-68 carries a spontaneous
lytic replication in permissive cells (mouse fibroblasts) without
the need for chemical stimulation, e.g., butyrate (47). For the
MHYV-68 replication inhibition assay, infection of 3T12 cells with
MHV-68 was carried out in the absence or presence of 2-DG, and
the titers of the supernatants were determined by plaque forma-
tion assay. Figure 1F shows an 80% decrease of viral titer in 2-DG-
treated cells compared to untreated cells. Taken together, these
data indicate that 2-DG inhibits lytic replication in two different
gammaherpesvirus models.
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FIG 1 2-DG inhibits KSHV and MHV-68 replication. (A) rKSHV.219-infected 293 cells were lytically induced with butyrate (3 mM) in the presence of 2-DG at
the indicated doses. After 72 h of drug exposure, KSHV titers in the supernatants were measured by TCID5,. (B) Infected cells were treated as described for panel
A with 2-DG (M) or 2-FDG (@) for 72 h. Bars represent mean percent copy number (triplicates = SD) of viral DNA levels in cell-free supernatants determined
by qPCR (¥, P < 0.001). (C) Infected cells were treated as described for panel B, and qPCR of cell lysates was performed to detect intracellular KSHV DNA.
GAPDH was used as a loading control (¥, P < 0.0001). (D) rKSHV-infected 293 cells were treated with 2-DG () or 2-FDG (@) for 72 h, and percent cell viability
was determined by trypan blue exclusion of total cells. (E) Infected cells were treated as described for panel D except that they were lytically induced with butyrate
(3 mM). (F) NIH3T12 cells were infected with MHV-68 at 0.1 MOI in the presence (black bar) or absence (white bar) of 2-DG (0.4 mM). After 48 h of drug
exposure, MHV-68 titers in the supernatants were measured by plaque assay (duplicates = SD).

2-DG inhibits KSHYV reactivation by interfering with the N-
linked glycosylation pathway. One possibility to explain the in-
hibition of virion production and the lowering of viral DNA rep-
lication by 2-DG is blockage of the viral gene cascade which drives
herpesvirus production. Reactivation of KSHV from the latent to
the lytic cycle requires the expression of early viral genes, which
include the master regulator RTA (replication and transcription
activator). Among several early lytic genes, RTA stimulates PAN
(polyadenylated nuclear RNA), which has been reported to be the
most upregulated gene during the early phases of reactivation
(54). Thus, we used the virus rKSHV.219, which also contains a
PAN promoter-driven RFP reporter (59) to assay early viral gene
expression and the number of KSHV-infected 293 cells entering
the lytic cycle (Fig. 2A). In Fig. 2B (top panels), it can be seen that
2-DG leads to a marked decrease in the number of RFP-expressing
293rKSHYV cells when induced with butyrate. As another measure
of 2-DG’s efficacy in blocking reactivation (which requires early
viral gene expression), a cell line (SLK) derived from endothelial-
lineage spindle-shaped cells explanted from a KS tumor was used
(23). These cells were infected with rKSHV (iSLKrK), in which
lytic replication could be induced by doxycycline-inducible ex-
pression of RTA (46). Figure 2B (bottom panels) demonstrates a
significant decrease in RFP expression in 2-DG-treated iSLKrK
cells. Similar to 293rKSHYV cells, no increase in cytotoxicity was
detected in latent or lytically induced iSLKrK cells in the presence
of 2-DG at these concentrations (Fig. 2C). Lytic reactivation was
quantified using flow cytometry to count REP-positive 293rKSHV
cells, and 2-DG’s inhibitory effect was determined to be dose de-
pendent (Fig. 2D). In contrast, no inhibition by the mostly glyco-
lytic inhibitor 2-FDG was observed, further supporting glycosyla-
tion targeting by 2-DG, which occurs through its ability to
compete with mannose, as the main mechanism of inhibition
(33). Consistent with this proposed mechanism, the addition of
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mannose reversed 2-DG’s inhibitory effect on KSHV reactivation
(Fig. 2E).

2-DG inhibits pathogenic lytic gene expression. In addition
to maintaining and sustaining the infected state of KS lesions, the
Iytic replicative cascade includes expression of key pathogenic vi-
ral genes which fuel KS oncogenesis (41, 57). Therefore, we as-
sessed 2-DG’s ability to inhibit lytic gene expression upon bu-
tyrate induction in the 293 infection system and upon doxycycline
induction in infected iSLK cells. Additionally, we used KSHV-
containing mouse endothelial cells (mECK36), which we previ-
ously have shown to express angiogenic proteins and induce tu-
morigenesis in mice (45). As depicted in Fig. 3A, B, and C, we
found that in the three systems tested, 2-DG inhibited the expres-
sion of immediate-early, delayed-early, and late viral lytic genes,
including those that encode glycoproteins K8.1 and gB, known to
be major components of the virion. In the tested cell lines, inhibi-
tion of the expression of the oncogene viral interferon regulatory
factor 1 (VIRF-1; the most upregulated lytic gene during mECK36
tumorigenesis) (45) was observed, while inhibition of the angio-
genic oncogene viral G protein-coupled receptor (vGPCR) (1)
was observed in two of the three cell lines assayed. To further
confirm 2-DG’s anti-gammaherpesviral activity, murine 3T12
cells infected with MHV-68 were used to measure mRNA expres-
sion of the two lytic genes MHV RTA/ORF50 and MHV GPCR/
ORF74. Similarly to its effect on KSHV, 2-DG inhibited MHV-68
gene expression by 50% (Fig. 3D). Consistent with lowered viral
mRNA, KSHV K8.1 and vIRF-1 were also reduced at the protein
level in KSHV-infected 2-DG-treated cells (Fig. 3E and F). Impor-
tantly, at least the 2-DG-mediated reduction of expression of the
early viral oncogene vIRF-1 was reversed by mannose (Fig. 3F).

2-DG inhibits host angiogenic gene expression. According to
published results from several labs, viral lytic oncogene expression
leads to upregulation of host angiogenic genes, which play a crit-
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FIG 2 2-DG inhibits KSHV reactivation. (A) Schematic diagram of rKSHV.219 GFP and RFP reporters and their use in the detection of the phases of latency and
lytic reactivation. (B) rKSHV.219-infected 293 cells were lytically induced with butyrate (3 mM) in the presence or absence of 2-DG (1 mM) for 24 h (top panels).
rKSHV.219-infected iSLK cells (iSLKrK) were lytically induced with doxycycline (1 pg/ml) in the presence or absence of 2-DG (1 mM) for 24 h (bottom panels).
Viral reactivation was detected by fluorescence microscopy using the RFP reporter driven by the promoter of the early lytic gene PAN. DAPI staining identified
the number of cells, and viral infection was detected using the GFP reporter driven by the constitutive promoter of cellular EF-1. (C) iSLKrK cells were treated
in the presence (H) or absence (@) of doxycycline as described for panel B, and percent cell viability was determined by trypan blue exclusion. (D) Infected 293
cells were treated as described for panel A, in the presence of 2-DG (M) or 2-FDG (@) at the indicated doses and were collected at 36 h. Flow cytometry of infected
cells was performed to detect RFP-expressing (lytic reactivated) cells (duplicates = SD). (E) Cells were treated as described for panel B except that 2-DG was used

at a dose of 4 mM in the presence or absence of mannose (man; 1 mM). Virally infected cells were analyzed as described for panel D.

ical role in autocrine and paracrine angiogenesis (1, 41). Our find-
ings as presented above indicate that 2-DG inhibits the lytic cycle
of KSHV and the expression of oncogenes such as vIRF-1 and
vGPCR (Fig. 3A, B, and C), which could mediate upregulation of
vascular endothelial growth factor (VEGF), platelet-derived growth
factor (PDGF), and other mediators of the paracrine and autocrine
angiogenic phenotype (17). We therefore tested whether 2-DG was
able to inhibit the expression of proangiogenic genes that are upregu-
lated during lytic induction in tumorigenic mECK36 cells and in
iSLKrK. We found that 2-DG treatment downregulates paracrine
and autocrine mediators that are upregulated during KSHV tumori-
genesis (41, 45), including PDGFA, PDGEFB, PDGF receptor 3
(PDGFR-B), VEGFreceptor 1 (VEGF-R1), VEGF-R3, and the angio-
poietin receptor Tiel (Fig. 4A and B) (39). As KSHV-induced proan-
giogenic gene expression is essential for in vivo tumor formation, our
results suggest that 2-DG alone or in combination could be used to
prevent or treat KSHV-induced tumorigenesis.

2-DG inhibition correlates with induction of ER stress and a
UPR leading to eIF2« inactivation. We have previously found
that inhibition of N-linked glycosylation by 2-DG in cancer cells
leads to the accumulation of abortively glycosylated proteins in
the ER, leading to ER stress and triggering of the UPR (33), a
signaling response that includes the activation of the PERK trans-
ducer, phosphorylation of elF2«, and attenuation of protein syn-
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thesis. This led us to hypothesize that activation of ER stress and
the UPR by 2-DG would block viral replication and gene expres-
sion via PERK-mediated phosphorylation and inactivation of
elF2a. Our results described above show that 2-DG indeed medi-
ates inhibition of KSHV replication predominantly by interfering
with the N-linked glycosylation/mannose-dependent pathway.
Therefore, we sought to determine if the inhibitory activities of
2-DG depicted in Fig. 1 to 4 were linked to UPR induction. As
displayed in Fig. 5A, lytically induced KSHV-infected cells treated
with 2-DG show a significant increased phosphorylation (P <
0.01) and thus inactivation of eIF2« at 4 h after induction of bu-
tyrate. As predicted for a UPR cascade, elF2a phosphorylation
was followed by upregulation of the UPR marker GRP78 at 8 h
(Fig. 5B). In contrast, the responses to 2-FDG of both elF2a and
GRP78 were attenuated. As shown in Fig. 5C, mannose reversed
both markers of the UPR. These results further support a mecha-
nism whereby inhibition of N-linked glycosylation by 2-DG lead-
ing to ER stress is the pathway responsible for the antiviral effect.
All branches of the UPR were activated by 2-DG, as displayed by
the qRT-PCR results showing the upregulation of the UPR mark-
ers GRP78, XBP-1(s), and CHOP (Fig. 5D). Importantly, we
found that lytic induction did not affect the levels of either phos-
phorylated eIF2a or GRP78 at the time points assayed (4 and 8 h,
respectively), indicating KSHV viral replication per se does not
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FIG 3 2-DG inhibits lytic gene expression. 293rKSHV (A), mECK36 (B), and i
doxycycline (0.5 pg/ml) (C) in the presence (black bars) or absence (white ba

cArpDH D e -

crre [
Bacln G e e e EE>

SLKrK (C) cells were lytically induced by butyrate (3 mM) (A and B) or by
rs) of 2-DG (1 mM) for 24 h. qQRT-PCR was performed to detect levels of

immediate-early, delayed-early, and late KSHV lytic gene expression (duplicates = SD). 3-Actin and GAPDH were used as loading controls. (D) NIH3T12 cells
were infected with MHV-68 at 0.1 MOI in the presence (black bars) or absence (white bars) of 2-DG (0.4 mM) for 24 h. qRT-PCR was performed to detect levels
of MHV RTA and MHV GPCR lytic gene expression (duplicates = SD). GAPDH and -actin were used as loading controls. (E) mECK36 cells were treated as
described for panel B except that 2-DG was used at a dose of 3 mM. Immunoblotting was performed to detect levels of K8.1 at 24 h after treatment. GAPDH was
used as a loading control. (F) iSLKrK cells were treated as described for panel C except that doxycycline was used at a dose of 1 pug/ml and mannose was used at
a dose of 3 mM. Immunoblotting was performed to detect levels of vVIRF-1 and GRP78 at 24 h after treatment. 3-Actin was used as a loading control.

activate these UPR markers in 293rKSHV at these early time
points. However, 2-DG was found to activate the UPR in both
uninduced, latent cells and lytically induced cells (Fig. 5E). Taken
together, our results suggest that activation of the UPR by 2-DG
elicits an early antiviral response via elF2a inactivation, which

A mECK36
PDGFB
VEGF-R1
VEGF-R3
Tie1
0 25 50 75 100
mRNA (relative %)
B iSLKrK
PDGFA
PDGFRB

0 25 50 75 100
mRNA (relative %)

FIG 4 2-DG inhibits angiogenic gene expression. mECK36 (A) and iSLKrK
(B) cells were lytically induced by butyrate (3 mM) (A) or by doxycycline (1
pg/ml) (B) in the presence (black bars) or absence (white bars) of 2-DG (3
mM) for 24 h. qRT-PCR was performed to detect levels of gene expression
associated with angiogenesis (duplicates = SD). B-Actin and GAPDH were
used as loading controls.
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impairs protein synthesis required to drive viral replication and
oncogenesis.

DISCUSSION

We provide evidence that induction of ER stress by 2-DG leads to
activation of the UPR, which in turn shuts down gammaherpes-
virus replication and lytic gene expression in multiple in vitro
models. This study supports the therapeutic potential of using
glucose/mannose analogs to induce the UPR in KSHV-related
malignancies and block viral replication required for its pathogen-
esis. Our data also suggest the possibility of extending this strategy
to other virus-driven cancers. Using 2-DG at clinically relevant
concentrations (1 to 3 mM), which have been achieved in two
phase I clinical trials (50, 55), we present data which demonstrate
the following: (i) 2-DG (50% inhibitory concentration [IC5,] =~ 1
mM) significantly inhibits early viral gene expression and conse-
quently inhibits viral replication; (ii) this inhibition is predomi-
nantly due to induction of the UPR by 2-DG, which is reversible
through mannose competition and is not mimicked by the glyco-
lytic inhibitor 2-FDG; and (iii) 2-DG-induced UPR inhibits the
expression of KSHV-induced proangiogenic genes.

We show that 2-DG downregulates mRNA levels of numerous
viral genes required for replication, including RTA, the master
regulator of the lytic cascade (Fig. 3A, B, and C). Since expression
of this immediate-early gene involves an autotransactivation loop
that is essential to amplify and drive the lytic cycle (7, 13), reduc-
tion of RTA protein levels would impair the evolution of the lytic
cycle. Thus, a potential explanation for our results is that 2-DG-
induced elF2a phosphorylation leads to blockage of RTA protein
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FIG 5 2-DG but not 2-FDG induces ER stress and a UPR in lytically infected cells. (A) 293rKSHV cells were lytically induced with butyrate (3 mM) in the
presence of 2-DG (1 mM) or 2-FDG (1 mM). At the indicated times postinduction, cells were harvested and immunoblotting was performed to detect levels of
phospho-elF2a. Densitometric analysis of the immunoblots was performed to quantify phosphorylation levels of e[F2a in butyrate-induced cells in the absence
(white bars) or presence (black bars) of 2-DG or 2-FDG (hashed bars). Total eI[F2a was used as a control (¥, P < 0.01). (B) Induced 293rKSHYV cells were treated
as described for panel A. At the indicated times postinduction, cells were harvested and immunoblotting was performed to detect levels of GRP78. Densitometric
analysis of the immunoblots was performed to quantify GRP78 levels in butyrate-induced cells in the absence (white bars) or presence of 2-DG (black bars) or
2-FDG (hashed bars). GAPDH was used as a loading control (¥, P < 0.05). (C) Induced 293rKSHYV cells were treated as described for panel A in presence or
absence of mannose (man; 0.5 mM). At 4 h postinduction, cells were harvested and immunoblotting was performed to detect levels of phospho-elF2a and
GRP78. Total elF2a and B-actin were used as loading controls. (D) Infected cells (hashed bars) were induced with butyrate and treated in the absence (white bars)
or presence (black bars) of 2-DG as described for panel A except that cells were harvested at 24 h. qRT-PCR was performed to detect RNA fold changes in GRP78,
spliced XBP-1, and CHOP (duplicates = SD). B-Actin and GAPDH were used as loading controls. (E) Infected cells were treated as described for panel A in the
presence or absence of butyrate.

synthesis, impairment of the RTA transactivation loop, and inhi-  the additional activity of XBP-1(s) as a transcription factor that is
bition of the cascade of KSHYV lytic gene transcription. highly expressed during differentiation of plasma cells of the B
Recently, 2-DG has been used as a glycolytic inhibitor to assess  lymphoid lineage (5, 27, 28) from which PEL originates, whereas
glycolysis dependency that arises as a consequence of the Warburg ~ XBP-1(s) function in the adherent cell types (endothelial and ep-
effect (i.e., increased aerobic glycolysis and lactic acid production ithelial lineages) used in the present study appears to be limited to
in cancerous cells) in endothelial cells, as a result of latent infec-  its UPR activity.
tion with KSHV (12). Our study shows that, at the doses we used Our data provide evidence that induction of the UPR by 2-DG
and in the context of KSHV Iytic replication, 2-DG is acting pre-  is a strategy that may be useful to inhibit viral replication in many
dominantly as an inhibitor of N-linked glycosylation leading to  settings. Previously, 2-DG inhibition of N-linked glycosylation
ER stress rather than as an inhibitor of glycolysis. This is further ~ was described in vitro as a means of inhibiting normal HSV-1
supported by our findings that 2-FDG, a more potent inhibitor of  glycoprotein assembly and revealed abortive viral DNA-contain-
glycolysis than 2-DG but a weaker inhibitor of N-linked glycosy-  ing particles surrounded by a defective envelope (11, 30). Though
lation (34), had a negligible inhibitory effect on KSHV replication.  the data presented here do not preclude this mechanism, they
Furthermore, we recently reported that 2-DG-induced ER stress  strongly imply that 2-DG acts primarily through a general repres-
(and not inhibition of glycolysis) is the predominant, mannose-  sion of the viral replication cascade by inducing ER stress and the
reversible pathway by which autophagy is activated in tumor cells  UPR, leading to global protein synthesis inhibition. In support of
at similarly low doses (61). this interpretation, the data in Fig. 1 show that decrease in titer by
The results of Fig. 5 show that, as part of the induction of ER  2-DG correlates with the reduced viral DNA copy number (both
stress and the UPR by 2-DG, there is an upregulation of XBP-1(s).  in supernatants and in cells), which indicates that lowered virion
However, XBP-1(s) was shown to be able to induce KSHV reacti-  production, rather than defective virions, is the mechanism re-
vation in the B cell cancer PEL (35, 63) but not in the cells used in ~ sponsible for decreased titers and viral replication.
our studies when treated with 2-DG alone at doses as high as 30 It has been reported that during peak viral replication, the
mM (H. J. Leung, T. J. Lampidis, and E. A. Mesri, unpublished three arms of the UPR are induced (26, 40, 58). However, viruses
data). The discrepancy between these results may be explained by ~ overcome certain aspects of the UPR which are detrimental to
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viral replication, in particular, the circumvention of PERK-medi-
ated phosphorylation of eIF2a that would lead to the shutdown of
protein synthesis and impede viral replication (21). Indeed, at
early time points upon viral induction with butyrate, we found
that UPR markers were not upregulated (Fig. 5). Our strategy was
to stimulate activation of the UPR exogenously with 2-DG to
block KSHV production. We found that, in KSHV-infected cells,
only in the presence of 2-DG was there a sharp increase in the
UPR, as reflected by its markers GRP78, XBP-1(s), CHOP, and,
most importantly, phosphorylation of eIF2a. It has been reported
that HSV-1 regulates the UPR through a mannose-rich viral en-
velope protein (gB), which directly binds to and thereby inhibits
PERK activity, allowing eIF2a to function during viral replication
(44). This protein contains multiple N-linked glycosylation sites
and shares significant homology in a variety of herpesviruses (6).
Although gB has been shown to have divergent functions such as
mediating virion egress in KSHV but not in HSV-1, it is function-
ally conserved relating to virion binding and entry (56). Admit-
tedly, the ability of KSHV gB to block PERK and thereby allow
protein synthesis through eIF2a has not been studied. Neverthe-
less, the marked decrease in gB expression by 2-DG in KSHV-
induced cells (as shown in Fig. 3), which correlates with increased
elF2a phosphorylation and significantly lower viral replication,
suggests that this protein may have similar activity to that in
HSV-1. However, further investigations are warranted to deter-
mine whether gB inhibits PERK during KSHV lytic replication.

The inhibition of KSHYV replication by inducing ER stress with
2-DG is consistent with the findings for other herpesviruses, such
as CMV, in which de novo infection was reduced through calcium-
mediated induction of ER stress with thapsigargin, resulting in the
UPR-mediated inhibition of replication (25). Interestingly,
ritonavir, an HIV protease inhibitor that was reported to prevent
AIDS-KS and display anti-KS effects in some animal models (52),
has been also shown to induce ER stress and the UPR in other
sarcoma cells (32). Thus, this supports the possibility presented
here in which 2-DG could be a valid approach for preventing
and/or treating KS.

Since KS lesions are characterized by intense angiogenesis and
are comprised of cells of endothelial origin, they might be partic-
ularly sensitive to the recently identified antiangiogenic effects of
2-DG. In those studies, it was found that the antiangiogenic activ-
ity of 2-DG is due to its ability to affect endothelial cell prolifera-
tion and microtube formation via interference with the N-linked
glycosylation, leading to induction of the ER stress/UPR pathway
(39). In addition to the above-described antiangiogenic effects on
endothelial cells, we present evidence showing that 2-DG inhibits
the expression of several angiogenic genes, which are upregulated
during KSHV-mediated tumorigenesis, that are well known to
significantly contribute to KS growth and pathogenesis (45).
Taken together, our data suggest that 2-DG-mediated inhibition
of the KSHYV lytic cycle with concomitant inhibition of host an-
giogenic genes and endothelial cell proliferation could have sig-
nificant anti-KS effects in vivo. In concurrence with our previous
findings that 2-DG inhibition of N-linked glycosylation leading to
the UPR could be exploited as an anticancer approach (33), we
and others are investigating the use of this glucose analog both as
a single agent and in combination in in vitro and in vivo models of
human cancer, such as cultured prostate (3), melanoma (36),
non-small cell lung cancer (24, 38), osteosarcoma (38), and reti-
noblastoma (4, 49). The following are among the promising com-
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binations with 2-DG: MBT to inhibit the antiapoptotic activity of
Bcl-2, which blocks UPR-induced apoptosis (62), inhibitors of
autophagy (61), and rapamycin, which blocks hypoxia-inducible
factors (37, 60). Importantly, 2-DG is a relatively nontoxic drug
that has displayed minimal adverse effects (subclinical hypoglyce-
mia) in human subjects (50). It has shown both safety and efficacy
as an adjuvant drug to cisplatin in a phase I trial for lung cancer
(50) and a single agent in a phase I/1I trial for prostate cancer (55).
Although patent-related issues have somewhat slowed its clinical
development, 2-DG is attracting increased interest for its potential
anticancer activity. Our results here add to that interest by ex-
panding its potential clinical application as a novel antiviral ap-
proach.

As shown in Fig. 1, 2, and 5, doses of 2-DG lead to UPR acti-
vation without toxicity in the KSHV-infected cells, as well as in
most cancer cells tested in vitro (33). Moreover, at doses much
higher than those used here or those required for FDA approval
for 2-DG to be used in clinical trials, no detectable toxicity was
observed in normal tissues in a variety of animals tested (50). In
contrast, at the low and clinically achievable doses used here,
2-DG activation of the UPR has significant anti-KSHV activity.
Additionally, most human cancers and KSHV-infected cells dis-
play increased uptake of glucose (12), which would further in-
crease 2-DG’s selectivity as an anticancer and antiviral agent.

In summary, the in vitro data we present, showing significant
inhibitory effects of 2-DG on KSHV replication, gene expression,
and pathogenicity, in addition to its virtues as a potent anticancer
drug, warrant further examination of this sugar analog in preclin-
ical models of KS, with the eventual goal of clinical implementa-
tion. Our data also open the possibility of extending the strategy of
2-DG-induced ER stress to inhibit replication of herpesviruses
and potentially other viruses. Furthermore, our approach appears
particularly suitable for viral cancers other than KS, such as
Epstein-Barr virus (EBV)-induced lymphoma and HCV-induced
hepatocellular carcinoma, in which both the combined anticancer
and antiviral activities of 2-DG may increase therapeutic efficacy.
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